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Quantifying the spatial spread of dengue
in a non-endemic Brazilian metropolis
via transmission chain reconstruction
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The ongoing geographical expansion of dengue is inducing an epidemiological transition
in many previously transmission-free urban areas, which are now prone to annual epidemics.
To analyze the spatiotemporal dynamics of dengue in these settings, we reconstruct trans-
mission chains in Porto Alegre, Brazil, by applying a Bayesian inference model to geo-located
dengue cases from 2013 to 2016. We found that transmission clusters expand by linearly
increasing their diameter with time, at an average rate of about 600m month−1. The majority
(70.4%, 95% CI: 58.2–79.8%) of individual transmission events occur within a distance of
500m. Cluster diameter, duration, and epidemic size are proportionally smaller when control
interventions were more timely and intense. The results suggest that a large proportion of
cases are transmitted via short-distance human movement (<1 km) and a limited contribution
of long distance commuting within the city. These results can assist the design of control
policies, including insecticide spraying and strategies for active case ﬁnding.
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Dengue is a mosquito-borne infection that causes symp-tomatic disease in 60 to 100 million persons per year and14,000 to 20,000 annual deaths1,2, with a global health
cost estimated at almost 9 billion dollars per year2. In Southern
America, dengue and other arboviruses have strongly increased
their circulation since the late 1990s, after the failure of con-
tinental control efforts that had come close to eliminate the
vector mosquito in the previous decades3. Dengue transmission
dynamics are determined by a complex interplay between
environmental and climatic factors, abundance and competence
of vector species, human density and behavior, ecological inter-
actions among viral strains, and proﬁles of immunity in the
population. Several studies have demonstrated the highly focal
spatiotemporal dynamics of dengue in hyperendemic settings of
South-East Asia, using genetic data from viral samples to infer
phylogenetic trees4–9. These approaches have shown that, even
when infection is widespread, most transmission events are
locally clustered8, and further foci are occasionally exported to
different areas via commuting and long-distance travels.
A more ﬁne-grained characterization of the spatiotemporal
spread of dengue can be obtained by the reconstruction of
transmission chains, i.e., the sequence of who infected whom.
Transmission chains can be identiﬁed directly through informa-
tion collected within intensive ﬁeld investigations (e.g., contact
tracing)10–14. More often, transmission chains are inferred
probabilistically by deﬁning a likelihood for each epidemiological
link dependent on the assumed spatial, temporal, and genetic
relatedness among infections. The likelihood is deﬁned by
models that encode assumptions speciﬁc to the mechanism of
transmission and the type of available data. In particular, a few
studies are based on spatial and temporal data alone12,15,16, while,
where available, genetic data have been used together with spatial
and/or temporal data by combining epidemiological and evolu-
tionary models (e.g.,17–20, reviewed in21,22). Inference is generally
obtained via Markov Chain Monte Carlo (MCMC) exploration of
the parameter space or, more rarely, by likelihood maximiza-
tion12. To the best of our knowledge, only one study14 attempted
the reconstruction of transmission chains for dengue, using
contact tracing data on possible out-of-home exposure sites and a
priori assumptions on the spatial and temporal distance between
an infector and its infectees.
Here, we used a spatio-temporal transmission model based on
MCMC parameter estimation to infer likely transmission chains
in Porto Alegre, Brazil, from spatio-temporal notiﬁcation data. In
this way, we were able to provide critical quantitative information
on the distance between infectors and infectees, and on the
number of cases, diameter, and diffusion speed of transmission
clusters (i.e., the set of secondary cases directly and indirectly
caused by a single imported case). This information is crucial to
design interventions.
Results
Transmission chains and reproduction numbers. Figure 1
shows a spatio-temporal representation of the maximum-
likelihood transmission chains occurring in Porto Alegre over
the four years of study with a detail on the two largest clusters,
in 2013 (92 cases) and 2016 (116 cases). In these two years,
intense local transmission of dengue occurred over the whole city,
while transmission was mostly sporadic in 2014 and 2015. In
particular, during 2014 there was a reduced inﬂow of imported
cases, reﬂecting the low dengue incidence in Brazil in the same
year (less than 400 cases per 100,000, about half that of 2013,
2015, and 201623). In 2015, instead, the dengue season in Brazil
started later than other years24, so that importations in Porto
Alegre remained rare until the months of March and April, when
the mosquito season was already declining. According to both
epidemiological data and model classiﬁcation, imported
dengue cases peaked about one month before autochthonous
cases, i.e., between January and March (Fig. 2a). This pattern
possibly reﬂects the return of travelers from Christmas and
summer holidays and Carnival celebrations in endemic regions
of Brazil.
The model estimated an average generation time (i.e., the
time between successive infections in a transmission chain) of
17.3 days (95% CI: 16.7–18.0 days), in excellent agreement with
previous estimates for dengue, ranging between 15 and 19 days25.
We found that the effective reproduction number Re (i.e., the
mean number of secondary cases generated by a primary infector,
see Methods) exceeded the epidemic threshold only between
January and mid-March in 2013 and 2016, with an average
peak during the month of highest transmission of 1.57 (95%
CI: 1.25–1.92) in 2013 and 1.34 (95% CI: 1.19–1.49) in 2016
(Fig. 2b). A strikingly similar curve can be obtained by computing
the instantaneous reproduction number Rt (see Methods), with
average values of Rt in the month of highest transmission equal
to 1.61 (95%CI: 1.35–1.91) in 2013 and 1.66 (95%CI: 1.47–1.88)
in 2016 (Fig. 2c). These values are consistent with estimates
obtained for dengue epidemics in other Brazilian cities9.
Characteristics of transmission clusters. About 50% of imported
cases did not result in symptomatic secondary cases during 2013
and 2016, compared to about 60% in 2015 and 75% in 2014
(Fig. 3). Transmission was sporadic for most clusters, but 13%
of them in 2013 and 16% in 2016 were larger than 10 cases;
these made up 57% and 69% of all transmitted cases in the
respective year and persisted for a median duration of 113 days
(95% CI: 56–196 days). The ﬁgure also shows that the largest
clusters were systematically seeded in the period of highest
transmissibility (December to February).
The average distance between the residence of infectees and
that of infectors was estimated at 382m (95% CI: 316–480m), with
over 97% of transmissions occurring within 1 km (Fig. 4a).
Considering that the ﬂight range of Aedes aegypti is around
100m26, this result suggests a signiﬁcant impact for the spread
of disease of short-distance human movements, for example by
walking through common areas such as parks14 or via house-
to-house visits13. It must be noted that the model might have
systematically missed long-distance, within-city transmission events
(e.g., due to commuting-related mobility). Such events are expected
to produce a number of geographically isolated cases in neighbor-
hoods without active dengue transmission, which the model
would misclassify as imported due to the absence of suitable
potential infectors in the neighborhood. Comparing cases labeled
as imported by the model with corresponding epidemiological
evidence from lab-conﬁrmed cases, we show that such a
misclassiﬁcation occurred in less than 5% of known autochthonous
cases (see Supplementary Discussion), suggesting that longer-
distance movements might be responsible only for a limited
proportion of dengue transmission events within the city.
The majority of clusters (60%) did not spread beyond an
area of diameter 1 km, with very few (3.2% overall) expanding
beyond 3 km (Fig. 4b). Clusters seeded between December and
February tended to spread signiﬁcantly more than those seeded
by cases imported earlier or later in the season. The geographical
expansion of the cluster diameter over time showed a stable
linear trend (Fig. 4c). Clusters reached a diameter of 1 km on
average after about 7 weeks since importations, with a maximum
of 2.3 km in the same period.
We found a robust relationship between the model-estimated
transmission intensity and the corresponding mosquito infestation
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in neighborhoods for which this information was available (29 in
2013 and 40 in 2016, Fig. 5a; in 2014 and 2015 there were too
few autochthonous cases to obtain stable neighborhood-speciﬁc
estimates). Speciﬁcally, the ratio of locally transmitted to imported
cases, which is an indirect measure of the transmission potential,
increased by 57% (95%CI: 25–97%) for every doubling in the
number of mosquitoes collected per trap. Cluster characteristics
were found to vary signiﬁcantly with respect to vector control
interventions implemented within the area and time of the
cluster (Fig. 5b–d). More speciﬁcally, the diameter, duration and
size of a cluster were proportionally smaller when interventions
were more intense (higher number of households in the treated
area) and more timely (shorter delay between the symptom onset of
the cluster’s index case and day of adulticide spraying). For example,
the average diameter was from 40% to 70% smaller in clusters
where treatments involved more than 80 households, compared to
those where less than 40 households were treated; a similar
difference was found for clusters with treatment administered on
the date of importation compared to those implemented more than
2 months later.
Sensitivity analyses. To test the robustness of our conclusions
with respect to potential underreporting in our dataset, we
reproduced our analysis on (i) the subset of laboratory conﬁrmed
cases, which represent about 20% of all notiﬁcations; (ii) a ran-
dom subsample of 60% of all notiﬁcations. In both cases, we
found similar generation times (average 17.7 and 16.9 days,
respectively) and an even more local spread (average transmission
distance 223 and 346 m, respectively). Clusters were smaller
(about 80% had a ﬁnal diameter of less than 1 km in both
experiments) and had a slower geographical expansion
(see Supplementary Discussion).
Furthermore, using synthetic data from a dynamic transmis-
sion model we were able to reconstruct epidemiological
parameters and transmission chains with good accuracy:
provided that the reporting rate remained above or equal to
50%, the kernel parameter, average transmission distances and
generation times were identiﬁed with a relative error of less
than 15%; furthermore, over 60% of transmission links were
correctly identiﬁed by the model in at least one of the
reconstructed chains. For lower reporting rates the model
300 m
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3 km0 3 km0
3 km0
20142013
2015
Local transmission
Imported
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Fig. 1 Spatio-temporal transmission chains. Maximum likelihood transmission chains occurring in Porto Alegre over the four years of study, with a detail on
the two largest clusters. Triangles represent imported cases and circles represent locally transmitted cases. Different colors are used to show the time of
symptom onset. White lines indicate a transmission link between cases; light gray boundaries indicate borders between administrative neighborhoods
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systematically overestimated the transmission distance and the
number of identiﬁed links dropped to about 40% (see Supple-
mentary Discussion). These analyses showed that completeness of
infection data is not necessary for inferring the spatiotemporal
structure of transmission chains, reducing potential biases due to
underreporting.
Finally, we ﬁtted a model with an alternative function
regulating the distance-dependent probability of transmission.
In particular, we used a radiation kernel27 to represent human
commuting in place of the exponential kernel adopted in the
main analysis. Brieﬂy, a much larger mean transmission distance
was estimated (1174 m, 95%CI: 1119–1244), cluster diameter
expanded up to 10 km, thus covering large parts of the city, and
the diffusion speed was estimated at roughly 2 km month−1
(see Supplementary Discussion). The likelihood associated to this
model, however, was much lower than that obtained by adopting
the exponential kernel (see Supplementary Discussion).
Discussion
Using a Bayesian inference model calibrated to geo-located sur-
veillance data, we demonstrated the highly focal diffusion of
dengue in Porto Alegre, Brazil, a non-endemic metropolitan city
undergoing an epidemiological transition from a transmission-
free setting to one with frequent epidemics. The majority of
transmission events occurred in individuals residing within 400 m
from an infectious case, and only exceptionally beyond 1 km.
Clusters of transmission expanded locally with a diameter
growing slowly, by approximately 1 km every 7 weeks. Thus,
because of the relatively short seasonal transmission of dengue in
Porto Alegre, the majority of clusters did not extend beyond 1
km. These results suggest a strong contribution to local cases of
walking-distance human movements, and the less frequent
occurrence of transmission across longer ranges (e.g., due to
urban commuting); the latter, however, may seed the infection in
new areas that may become further foci of local dengue diffusion.
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The high frequency of importations conﬁrms the importance of
travel to and from endemic areas in sustaining the occurrence of
local outbreaks in non-endemic settings.
No evidence of superspreading was found at the individual
level, however a small number of uncontrolled clusters (about
15% of the total) were estimated to be responsible for a large
proportion (55–70%) of all cases in years with intensive trans-
mission (2013 and 2016). We estimated that timely administra-
tion of adulticides taking place in public areas at the time of
importation of an index case was capable of reducing the cluster
size by a factor of 3 to 10 compared to late interventions. Inter-
ventions covering a large number of houses (either because of
higher housing densities or because larger areas were treated) also
resulted in improved infection control. Vector control, however,
did not inﬂuence the qualitative dynamics of a cluster’s spatio-
temporal spread in terms of transmission distances and cluster
diffusion rates.
Porto Alegre is a Brazilian metropolis of over 1,400,000 inha-
bitants, where dengue infection has started to be locally trans-
mitted only since 2010 and the ﬁrst large epidemics occurred in
2013. The presence of an intensive surveillance system provided a
unique chance to investigate the spatio-temporal transmission
dynamics using notiﬁcation data that are representative of almost
the full history of infection throughout the whole city. The humid
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subtropical climate (Koppen Geiger classiﬁcation: Cfa28), with
colder temperatures compared to the rest of Brazil (largely tro-
pical), allowed for lower mosquito abundances and transmission
probabilities29. Therefore, the yearly incidence of notiﬁed cases in
Porto Alegre in 2013–2016 (between 15 and 150 cases per 100,000
inhabitants) was closer to the national average of Argentina than
to the Brazilian one (300–700 per 100,000)23,30. These low-
incidence conditions, combined with the recent emergence of
local transmission, greatly simplify the transmission dynamics by
avoiding issues related to pre-existing immunity levels and the
ecological competition due to serotype cross-immunity.
The dengue surveillance system of Porto Alegre was designed for
an intensive monitoring of a large metropolitan area; at this scale,
passive surveillance (augmented by epidemiological investigations
to determine importations from outside the city) is the most
practical option, given that comprehensive active surveillance or
molecular epidemiological analyses would be logistically and eco-
nomically burdensome. In general, surveillance data may suffer
from underreporting due to asymptomatic infections and unrec-
ognized symptomatic cases. In Brazil, the proportion of clinically
inapparent dengue is consistently estimated at around 40%31–34,
much lower than the world average of 75%1. In Porto Alegre,
underreporting rates may be even lower, since the frequency of
subclinical cases is positively correlated with the incidence of disease
in previous years34, possibly reﬂecting the role of pre-existing
immunity in reducing the severity of symptoms. In addition,
asymptomatic cases play a role in transmission chains only if they
are able to further transmit the infection. Recent studies have
suggested that some asymptomatic and pre-symptomatic children
might be able to infect mosquitoes35; however, evidence on how
often this translates into actual transmission to humans is lacking,
and there is no data on transmission from asymptomatic adults
(children below 15 years old represent only 7% of notiﬁed cases in
Porto Alegre). Overall, the transmissibility of asymptomatic indi-
viduals is generally assumed to be much lower than that of
symptomatic patients36. These considerations reduce the risk of
biases associated to underreporting in notiﬁcation data. Our ana-
lyses on synthetic data sets (see Supplementary Discussion) showed
a robust reconstruction of the spatiotemporal dynamics even when
considering underreporting rates of up to 50%. However, for higher
underreporting, the model systematically overestimated the average
transmission distance; this suggests that cluster size might be larger
than estimated and that the spatiotemporal spread of dengue might
be even more local if asymptomatic transmission and missed
notiﬁcations play a signiﬁcant role in Porto Alegre. However, our
conclusions remained consistent even when considering subsets of
the notiﬁed data in Porto Alegre with undersampling rates of up to
40% or when considering only conﬁrmed cases (see Supplementary
Discussion).
The features of our inferred transmission chains are consistent
with recent results on clusters reconstructed from molecular clock
analyses on dengue epidemics in Thailand8. In particular, we
conﬁrm that the number of clusters in an area increases with
population density and that the proportion of cases belonging to
the same cluster of a given case decreases rapidly with distance
from the case (see Supplementary Discussion). Our results are
also in qualitative agreement with ﬁndings from a large dengue
epidemic in Cairns, Australia14, where 95% of transmission
events were localized within the city (urban radius of 2.5 km),
although human commuting was found to have a major role in
seeding foci of infection to peri-urban towns. Our analyses show
that a model explicitly accounting for commuting within the city
is less able to explain the observed spatio-temporal dynamics of
dengue in Porto Alegre (see Supplementary Discussion).
Viral genetic data or contact tracing information can overcome
some of the downsides of passive surveillance data and strengthen
the inference process. Nonetheless, in this study we were able to
robustly reconstruct transmission chains using only the date of
onset and geographical positions of recorded cases. This inference
allowed for the ﬁrst time a detailed quantitative characterization
of the spatiotemporal spread of dengue clusters in a large, non-
endemic metropolis, over multiple years. The ongoing geographic
expansion of dengue due to the intensiﬁcation of international
travels37, urbanization38 and to climatic adaptation of mosquitoes
and viruses39, puts a growing number of cities worldwide (e.g., in
USA, Southern Europe, Australia or subtropical South America)
in an epidemiological transition similar to the one currently faced
by Porto Alegre. Results from this study may be crucial for
assisting the appropriate design of vector-control interventions
aimed at preventing or limiting disease spread in these areas and
help public health policy makers to enhance disease surveillance
and plan active case ﬁnding strategies. Finally, reported results
can be used to support the research related to optimal vaccine36
and drug deployment40.
Methods
Geographical setting. Porto Alegre (30°01′40″S, 51°13′43″W) is the main city of
Rio Grande do Sul, the southernmost state of Brazil. The city has an area of 496.68
km2, an estimated population of 1,409,351 inhabitants, and a high human devel-
opment index of 0.8141. The climate is classiﬁed as subtropical humid (Cfa)28. In
Porto Alegre, the ﬁrst record of an imported dengue case occurred in 200242, but
ﬁrst local transmission was conﬁrmed only in 201043. The city of Porto Alegre has
experienced several episodes of dengue introduction in the last few years and has
developed an integrated surveillance and prevention protocol that includes ento-
mological, virological, and epidemiological components30. Even though the inci-
dence of dengue cases in the southern region of Brazil has increased in the last
years, it is much lower than other regions of the country44, due to the temperate
climate28. In a seroprevalence survey conducted in the city from July to September
2015 (unpublished data), 422 serum samples of blood donors, homogeneously
distributed across the city area, were tested for anti-Dengue IgG antibodies, and
only 1 was found positive (95% conﬁdence intervals (CI) estimates for the ser-
oprevalence: 0.01–1.3%).
Data. Dengue notiﬁcation data were obtained from the Brazilian Ministry of
Health. A fraction of suspected cases was conﬁrmed by immunological tests
(ELISA), and in such case epidemiological investigations were performed, con-
sisting in the administration of a questionnaire aimed at ascertaining whether the
case was imported or locally transmitted (the form is reported in Portuguese in
the Supplementary Methods). Cases were considered imported if they had a travel
history to dengue endemic areas in the 10 days preceding symptom onset. Cases
were considered locally transmitted based on the presence of other dengue cases in
the vicinity of the patient’s residence, and on possible identiﬁcation of direct links
Table 1 Characteristics of observed dengue cases
2013 2014 2015 2016 Overall
Total number of cases 1057 264 485 1607 3413
Conﬁrmed with known origin (%) 210 (19.9) 16 (6.1) 72 (14.8) 348 (21.7) 646 (18.9)
Known imported (% of conﬁrmed) 71 (33.8) 11 (68.8) 54 (75.0) 56 (16.1) 192 (29.7)
Known local (% of conﬁrmed) 139 (66.2) 5 (31.2) 18 (25.0) 292 (83.9) 454 (70.3)
Epidemiological years are assumed to run between November 1st of the preceding year to October 31st of the same year
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with social contacts who were recently diagnosed with dengue. Overall, 3413 cases
of dengue were recorded in Porto Alegre between December 2012 and October
2016, of which 646 were lab conﬁrmed (Table 1). The date of symptom onset and
the geographical coordinates of the patients’ residence were available for all cases.
Dengue type was known for only 30 cases; among these, 29 belonged to type 1.
However, the negligible pre-existing population immunity greatly simpliﬁes the
complex ecological interplay among serotypes, allowing to analyze the data inde-
pendently of dengue type.
Mosquito data were based on the collection of adult Ae. aegypti mosquitoes by
the local monitoring system45,46, using the sticky trap MosquiTRAP (Ecovec
LTDA, Brazil). The surveillance system has 935 sticky traps distributed in an area
covering 44% of the city, at a distance of 250 m between each other, as described
previously45. The traps were inspected weekly. The entomological index provided
by the system is the Index of Mean Female Ae. aegypti (IMFA), given by the total
number of captured Ae. aegypti females, divided by the number of inspected traps.
Ultra-low volume adulticide treatment was started in public spaces within a
radius of 50 or 200 m around the residence of a conﬁrmed case and the number of
houses in the treated area was recorded. Treatments were started for 75% of the
lab-conﬁrmed imported cases and 60% of lab-conﬁrmed autochthonous cases, as
well as for 106 non-conﬁrmed cases (4%).
Transmission model and inference. Following the classical SEIR (Susceptible-
Exposed-Infected-Removed) infection model for dengue in humans47,48, we
assume that, at any time t, susceptible individuals are exposed to a force of
infection
λj tð Þ ¼
X
i2NðtÞ
βKðdji; ηÞΓðt  Ei; a; bÞ
where N(t) is the set of individuals who have been infected before time t and β is the
disease transmission rate. K dji; η
 
¼ ηeηdji is the spatial kernel regulating the
probability of transmission at a distance dji between individuals j and i. Ei is the time
of infection of individual i and Γ(t; a, b) is the gamma-distributed generation time
(i.e., the time between successive infections in a transmission chain), with shape
parameter a and rate parameter b. The generation time accounts for the length of
incubation period in both humans and mosquitoes (intrinsic and extrinsic incubation
periods49), duration of human infectiousness and lifespan of mosquitoes; we assume
the generation time to be proportional to the infectiousness proﬁle. In the time
interval [t, t+Δt], susceptible individuals get infected with probability
pjðtÞ ¼ 1 eλjðtÞΔt , and have a constant probability α to be a dengue case imported in
the study area. Putative transmission chains were deﬁned by selecting, for each case j,
a candidate infector i on the basis of the force of infection exerted by i on j at time Ej;
the likelihood that a case was imported from outside the city rather than locally
infected was also accounted for with a constant probability15. The likelihood of the
full transmission chain was then evaluated on the basis of two terms for each case: one
accounting for the probability of being infected at time Ej, and one accounting for the
probability of remaining
susceptible until time Ej. Model parameters were estimated using an MCMC algo-
rithm with uninformative priors (uniform distributions) and random-walk
Metropolis–Hastings sampling with reversible jumps from normal distributions
(see Supplementary Methods for full details); transmission chains deﬁned by para-
meter sets accepted during the MCMC were considered for the analysis of clusters.
Cluster and geographical analysis. We deﬁned a transmission cluster as the set of
secondary cases directly and indirectly caused by a single imported case. For each
cluster, we evaluated its size (number of cases), diameter (maximum distance
between any two cases), and duration (time elapsed between the symptom onset of
the ﬁrst and last case). Results were additionally disaggregated over the 81
neighborhoods of Porto Alegre in which dengue cases (probable or conﬁrmed)
were registered. We deﬁned a measure of transmission intensity as the ratio of local
to imported cases in a given year and neighborhood, and an index of mosquito
infestation, computed as the average number of female mosquitoes captured45 in
traps within 150 m from a case and within 4 weeks before symptom onset.
Reproduction numbers. The basic reproduction number R0 is deﬁned as the
average number of secondary infections caused by a typical primary infection in a
fully susceptible population. When R0 is larger than 1, the epidemic may spread in
the population with intensity proportional to R0. For mosquito-borne diseases, the
reproduction number may vary over time, depending on the local abundance of
mosquitoes. Thus, we computed the instantaneous reproduction number Rt by
approximating the number of locally transmitted cases over time with the renewal
equation50 (see Supplementary Methods). We also computed the effective repro-
duction number Re over time from the reconstructed transmission chains as the
average number of secondary cases caused by individuals who had symptom onset
during a moving temporal window of one month. While Re depends on all the
characteristics of the reconstructed transmission chains, Rt depends only on esti-
mates of the generation time and information on the number of imported cases
over time.
Code availability. C code is available from the corresponding author upon request.
Data availability. The data that support the ﬁndings of this study are available on
request from the corresponding author S.M. Individual patient data are not pub-
licly available to protect research participant privacy/consent.
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